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Dengue (DEN) viruses (serotypes 1 to 4; Flaviviridae family) are transmitted to humans by mosquitoes, principally Aedes aegypti. The natural cycle involves only mosquitoes, which develop a lifelong, persistent, noncytocidal infection, and humans, who may manifest one of two clinical syndromes. Classic DEN fever is an acute, debilitating, although rarely fatal illness. DEN hemorrhagic fever is a severe disease which usually results from sequential infections by different viral serotypes and can have a fatality rate of 20% if untreated (12) . During the last 20 years, the worldwide incidence of DEN fever has risen dramatically to an estimated 100 million cases annually. DEN hemorrhagic fever was first described in Southeast Asia in the mid-1950s; it now occurs throughout tropical Asia, Africa, and the Americas, with 250,000 cases reported each year (20) .
The increases in the incidence and distribution of DEN fever and DEN hemorrhagic fever are due to several factors. No effective vaccines are available for DEN. Vector control programs have been curtailed or discontinued, and pesticide-resistant insects have emerged. Increasing urbanization in the tropics and rapid world travel have greatly extended the range of A. aegypti (9) . Failure of conventional means to control this important arthropod-borne disease suggests that novel strategies are required, such as genetic manipulation of vector mosquitoes to render them incompetent for virus transmission (4) . The genetics of vector competence are poorly understood. An alternative genetic mechanism to alter host susceptibility to virus infection is the phenomenon known as pathogen-derived resistance (PDR; 30) . As shown in a number of plant-pathogen systems, expression of a viral structural gene product in transgenic plants confers resistance to homologous virus infection and replication (5, 18, 24) . For example, synthesis and accumulation of tobacco mosaic virus coat protein in transgenic plants mediates intracellular immunity to tobacco mosaic virus infection (24) , whereas resistence of transgenic plants to tobacco etch virus requires only expression of untranslatable transcripts from the coat gene (18) . In this study, we examined the expression of DEN virus transcripts and proteins from selected viral structural genes as mediators of PDR in mosquito cells.
DEN viruses contain a positive-sense RNA genome (11 kb) that encodes three structural and seven nonstructural proteins arranged in the order 5Ј C-prM-E-NS1-NS2a-NS2b-NS3-NS4a-NS4b-NS5 3Ј (1, 7, 11) . The viral genome is the only mRNA found in infected cells and is translated as a single polyprotein (350 kDa) which is cleaved co-and posttranslationally by both host cell and virus-encoded proteases to generate individual proteins (1). The glycosylated prM protein (22 to 24 kDa) is released by host cell signalase cleavage of the polyprotein. In susceptible vertebrate cells, prM protein is further cleaved by host cell proteases late in infection to produce the nonglycosylated M protein found in the mature virion (1) . In mosquito cells, this cleavage is much less efficient or does not occur during virus assembly (21) . The DEN virus prM gene was selected for expression in mosquito cells to attempt to induce PDR.
Few systems exist for efficient transformation of mosquito cells (4); however, transduction of foreign genes may be accomplished with expression vectors derived from Sindbis (SIN) virus. Transducing vectors derived from SIN virus, a mosquitoborne RNA virus (Togaviridae family), are particularly useful for achieving efficient transient expression in lytically infected vertebrate cells and stable expression in persistently infected invertebrate cells (10, 22) . The TE/3Ј2J double subgenomic SIN (dsSIN) viruses generated from infectious cDNA clones of the SIN virus RNA genome contain an inserted second subgenomic promoter between the end of the structural protein coding region and the viral 3Ј noncoding region. In addition to expression of the usual genomic and subgenomic mRNAs, cells infected with recombinant dsSIN viruses produce a second subgenomic mRNA from which heterologous protein may be translated (10) . Previous work has demonstrated the utility of dsSIN viruses for expression of heterologous RNAs and proteins in C6/36 mosquito cells and A. triseriatus mosquitoes (22, 25) . Expression from the TE/3Ј2J/ANTI-S virus of the negative-strand RNA from the small genome segment of La Crosse virus reduced La Crosse virus production in C6/36 cells by 4 to 6 log 10 50% tissue culture-infective doses (TCID 50 )/ml (25) .
In this report, we describe the infection of C6/36 cells with dsSIN viruses engineered to express the sense or antisense DEN-2 prM coding region to induce PDR to a medically important flavivirus. This work establishes a potential molecular strategy for creating transgenic mosquitoes resistant to infection with DEN virus.
MATERIALS AND METHODS
Viruses and cells. Low-passage DEN-2 (NGC and 16681), DEN-3 (H87), and DEN-4 (H241) viruses were obtained from the Centers for Disease Control and Prevention reference center (Fort Collins, Colo.). DEN viruses were propagated in C6/36 (A. albopictus mosquito) cells in Liebovitz (L-15) medium at 28ЊC. BHK-21 and C6/36 cells were subcultured in L-15 medium supplemented with 10% fetal bovine serum, 10% tryptose phosphate broth, 100 U of penicillin per ml, and 100 g of streptomycin per ml and maintained in L-15 medium containing 2% fetal bovine serum. dsSIN constructs. The pTE/3Ј2J construct was obtained from C. M. Rice and has already been described (10) . Primers were synthesized to amplify DEN-2 prM cDNA (567 bp) by PCR from p30-VD2 (7). Oligonucleotide primers flanking the DEN-2 prM gene were synthesized with an ATG start codon added in the forward primer and a TGA stop codon in the reverse primer. A different prM forward primer was synthesized by deletion of a nucleotide at position 6 to introduce an in-frame stop codon (TGA) to amplify a template for untranslatable prM sense RNA, D2prM.np. Additional changes included an A-to-T change at position 19 and a T-to-A change at position 23 to alter a start codon and introduce a second stop codon, respectively. Primer sequences and names of constructs are shown in Table 1 . All primers were synthesized commercially (Macromolecular Resources, Colorado State University, Fort Collins).
All PCRs were performed by adding 1 ng of template cDNA to 50 l of PCR buffer containing 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 200 M each deoxynucleoside triphosphate, 50 pmol of each forward and reverse primer, and 1.5 U of Taq DNA polymerase (Promega Corp., Madison, Wis.). The mixture was thermocycled at 94ЊC for 1 min, 55ЊC for 1 min, and 72ЊC for 2 min through 25 cycles with a final extension time of 7 min at 72ЊC. The amplified prM coding region was TA cloned into a modified Bluescript II SKϩ plasmid (Stratagene Inc., La Jolla, Calif.) that contained an NheI site in the polylinker (19) . The prM cDNA was excised with restriction endonucleases NheI and XbaI and inserted at the XbaI site of pTE/3Ј2J. Recombinant clones were screened by PCR for orientation of the insert by using one primer derived from pTE/3Ј2J and another primer derived from the insert sequence. The insert orientation was also confirmed by sequence analysis. A plasmid map of TE/3Ј2J and a list of recombinant TE/3Ј2J plasmids containing DEN-2 cDNA are shown in Fig. 1 . dsSIN virus production. The dsSIN DNA templates were linearized at the XhoI site and transcribed in vitro from the bacteriophage SP6 promoter (25, 28) .
A 7-methylguanidine triphosphate capping analog (Ambion, Inc., Austin, Tex.) was added to each transcription reaction mixture at a concentration of 1.0 mM. The RNA products were electroporated (BTX Inc., San Diego, Calif.) into BHK-21 cells at 500 V, 100 F, and 720 ⍀ for a duration of approximately 0.8 ms. The cells from each electroporation reaction were immediately seeded into 25-cm 2 cell culture flasks with 5 ml of L-15 medium containing 10% fetal bovine serum and incubated at 37ЊC for 24 to 30 h. dsSIN viruses were harvested from the medium and titrated in BHK-21 cells by using an end point assay (16) .
RNA analysis. C6/36 cells were infected at a multiplicity of infection (MOI) of 10 with the dsSIN viruses and incubated at 28ЊC for 48 h. Total RNA was extracted by the acid guanidinium technique (3), fractionated on a formaldehyde denaturing gel (29) , and transferred to a nylon membrane (Nytran Plus; Schleicher & Schuell, Inc., Keene, N.H.). An oligonucleotide probe (5Ј-gctggtcggatcattggggcg-3Ј) complementary to the dsSIN 3Ј noncoding region was end labeled with [␥-32 P]dATP by using T4 polynucleotide kinase (Promega). The hybridization solution contained 10% dextran sulfate, 1% sodium dodecyl sulfate, 4.8% (wt/vol) NaCl, and 200 g of denatured salmon sperm DNA per ml. The blot was hybridized at 50ЊC for 12 h with 5 ϫ 10 5 cpm of probe (specific activity, Ͼ10
To determine the number of prM-specific transcripts present in each cell, 10-g aliquots of total cellular RNA (extracted from C6/36 cells at 24, 48, 72, and 96 h postinfection) were blotted onto positively charged nylon membranes (Boehringer Mannheim). As standards, 10-fold dilutions of in vitro-transcribed RNA of the prM sequence were also blotted. Immobilized RNAs were hybridized with a 32 P-labeled DNA probe made from the DEN-2 prM cDNA. The washed blot was exposed to X-ray film, and the signals in the developed film were quantified.
Protein analysis. SIN E1 and DEN-2 prM and E proteins were detected by an indirect immunofluorescence assay (IIFA). C6/36 cells were infected with recombinant dsSIN viruses at an MOI of 50 and incubated at 28ЊC for 24 to 48 h. After the cells were fixed on glass coverslips in cold acetone, IIFAs were performed with primary monoclonal antibodies (MAbs) 30.11 (anti-SIN E1; 2) 2H2 (anti-DEN-2 prM; 13), and 813 (anti-flavivirus E; 8) and a secondary biotinylated sheep anti-mouse antibody (Amersham, Inc., Arlington Heights, Ill.). Fluorescence produced by bound fluorescein-streptavidin (Amersham, Inc.) was viewed with an Olympus BH-2 epifluorescence microscope.
Quantitation of interference by enzyme-linked immunosorbent assay (ELISA).
Monolayers of C6/36 cells were infected with dsSIN viruses at an MOI of 50 and incubated for 48 h. The cells were challenged with DEN viruses at an MOI of 0.1. Aliquots of the medium were collected each day for 7 days, and 10-fold dilutions were added to C6/36 cell cultures in microtiter plates. After incubation for 7 days, challenge virus that had escaped interference was detected by using an antigen capture ELISA that has been described previously (25) , except for the following alterations. For detection of DEN-2 virus, the capture antibody was a rabbit anti-DEN-2 polyclonal antibody used at a dilution of 1:100,000 in a carbonate-bicarbonate buffer (pH 9.25). The captured virus was then detected with a horseradish peroxidase-conjugated anti-E DEN-2 MAb (3H5; 13) at a FIG. 1. Plasmid map of the parent dsSIN construct, pTE/3Ј2J. The PCRamplified DEN-2prM sequence was cloned into the XbaI site in the sense or antisense orientation, producing plasmid pD2prMs, pD2prMa, or pD2prM.np. 
RESULTS dsSIN viruses.
Viruses were generated by electroporating BHK-21 cells with RNA transcribed in vitro from linearized dsSIN template DNA (Fig. 1) . Twenty-four hours later, virus was harvested from the medium and an aliquot was titrated in BHK-21 cells. The titers of the dsSIN viruses ranged from 8.5 to 9.5 log 10 TCID 50 /ml. RNA analysis. C6/36 cells were infected with the dsSIN viruses at an MOI of 10 and incubated at 28ЊC for 48 h. Northern (RNA) blot analysis of total RNA from C6/36 cells infected with TE/3Ј2J virus showed three intracellular mRNA species. The genomic mRNA (G) was detected at approximately 13 kb, the first subgenomic RNA (S1) was detected at 4.5 kb, and the second subgenomic RNA (S2) was detected at 0.7 kb. The G, S1, and S2 mRNAs in cells infected with the other dsSIN viruses were larger than TE/3Ј2J RNAs by the size of the inserted heterologous sequence (Fig. 2) DEN-2 prM) , clearly indicating expression of prM protein (Fig. 3) . Cells infected with D2prMa virus and stained with Mab 2H2 did not fluoresce (Fig. 3) .
Interference with DEN virus challenge. For each interference study, approximately 10 6 C6/36 cells were infected with one of the dsSIN viruses at an MOI of 50 and challenged 48 h later with DEN-2 virus at an MOI of 0.1. Challenge infections were performed 48 h after the primary dsSIN infections, since previous studies showed that maximum dsSIN titers occur at this time point (22) tein. Although in this experiment, only 50% of the cells initially infected with TE/3Ј2J virus were positive for DEN-2 E protein (Fig. 4) , other interference experiments showed that the titer of DEN-2 virus in cells initially infected with TE/3Ј2J virus approached the DEN-2 virus titer in cells that had not been previously infected with dsSIN viruses (data not shown). In contrast, less than 1% of the cells initially infected with D2prMs or D2prMa virus were positive for DEN-2 E protein (Fig. 4) . The DEN-2 virus that escaped in each interference assay was quantitated by the antigen capture ELISA. Cells initially infected with TE/3Ј2J control virus supported DEN-2 replication, giving a maximum titer of approximately 6.0 log 10 TCID 50 /ml 7 days postchallenge (Fig. 5) . However, the antigen capture ELISA did not detect DEN-2 virus when C6/36 cells were initially infected with D2prMa or D2prMs virus, indicating that the cells were highly resistant to DEN-2 replication (Fig. 5) . Similar interference studies were performed by using DEN-3 or DEN-4 virus as the challenge virus, and virus titers were determined by antigen capture ELISA. No significant interference with DEN-3 or DEN-4 virus replication was seen in any of the challenge experiments (data not shown). The titers of either DEN-3 or DEN-4 virus from cells initially infected with D2prMa or D2prMs virus were always within 1.7 log 10 TCID 50 /ml (neutralization index) of the control virus titers.
Mechanism of prM resistance to DEN-2 virus. Infection with D2prMs virus established PDR to DEN-2 virus in C6/36 cells. To determine whether the block that occurred was due to expression of RNA or protein, an interference experiment was performed by using the D2prM.np virus, which expressed untranslatable prM sense RNA. Cells infected with TE/3Ј2J, D2prMa, D2prMs, or D2prM.np virus at an MOI of 50 were challenged with DEN-2 virus at MOIs of 0.1, 1, and 10. Supernatant was removed from each sample at 7 days postchallenge and titrated onto C6/36 cells in 96-well plates. After a 7-day incubation period, the supernatants from the titrations were analyzed by ELISA for DEN-2. The D2prMa, D2prMs, and D2prM.np viruses all established complete resistance to DEN-2 infection at a low challenge MOI (Fig. 5) ; however, some challenge virus breakthrough occurred in cells initially infected with D2prMs virus at an MOI of 50 when the cells were challenged with DEN-2 virus at an MOI of 1 or 10, and some resistance was also lost in D2prMa-infected cells at a challenge MOI of 10. Resistance to a high challenge MOI was maintained only in cells initially infected with dsSIN virus expressing untranslatable sense prM RNA. 
DISCUSSION
This report shows that expression of both sense and antisense transcripts from the prM region of the DEN-2 RNA genome can establish resistance to different DEN-2 virus isolates in C6/36 cells. Expression of DEN-2 prM antisense RNA from D2prMa virus efficiently established PDR to a challenge virus at an MOI of 0.1 in C6/36 cells. The prM coding region of the DEN-2 Jamaica isolate, from which dsSIN inserts were derived, has high sequence identity (95%) with the DEN-2 NGC and 16681 challenge viruses, which is important for establishing RNA-mediated resistance in cells normally permissive to DEN-2 virus (5, 7, 11) . Several hypotheses have been proposed to explain RNA-mediated interference with virus replication. (i) The expressed antisense RNA binds to viral genomic mRNAs, thereby preventing ribosome attachment and/or elongation during translation. (ii) Binding of the antisense RNA to the viral RNA facilitates degradation of the RNA duplexes by specific RNases, effectively reducing the amount of mRNA that can be translated and/or preventing viral genomic RNA replication. (iii) The antisense RNA binds to the sense genomic RNA, preventing binding of or elongation by the viral polymerase during negative-strand synthesis (6, 26) . These mechanisms are not mutually exclusive, and all may play a role in the inhibition of DEN-2 viral replication by antisense RNA.
PDR was not observed when C6/36 cells expressing prM antisense RNA were challenged with either DEN-3 or DEN-4 virus at an MOI of 0.1. DEN-2 prM RNA has approximately 68 and 66% sequence identity with the prM RNAs of DEN-3 H87 and DEN-4 H241 viruses, respectively (17, 23) . The efficiency of RNA-mediated interference to tomato spotted wilt virus in transgenic tobacco plants was observed to be directly related to the amount of sequence identity between the expressed RNA sequence and the corresponding sequence in the challenge virus (5) . Transgenic plants expressing tomato spotted wilt virus nucleoprotein RNA failed to establish PDR to closely related viruses even though the nucleoprotein genes of the related viruses shared approximately 80% sequence identity with the tomato spotted wilt virus RNA. Our future work will concentrate on establishing broad resistance to DEN viruses in mosquito cells by identifying and expressing regions of the DEN RNA genome that can be targeted to more conserved sequences found in all DEN viral serotypes.
We have shown that PDR to DEN-2 virus could be established in C6/36 cells initially infected with D2prMs virus and expressing DEN-2 prM protein. To determine if expression of the prM protein is necessary to establish PDR, we generated a D2prM.np virus that expressed an untranslatable prM sense RNA. PDR to DEN-2 virus was clearly established in cells initially infected with D2prM.np virus, showing that interference was RNA mediated and expression of prM protein was not a requirement for resistance. When C6/36 cells were infected with D2prMs virus at an MOI of 50 and challenged with DEN-2 virus at an MOI of 1 or 10, the cells failed to establish complete PDR to DEN-2 virus. Significantly, in C6/36 cells initially infected with D2prM.np virus, PDR was maintained when the cells were challenged at the higher MOI. The reason for this is unclear, but it may be explained by association of D2prMs subgenomic mRNA with the translational machinery of the infected cell to produce prM protein, precluding availability of sufficient prM RNA to anneal to the complementary target sequence. In contrast, the untranslatable prM sense RNA presumably is available to interfere with viral replication by annealing to the genomic complementary RNA, promoting degradation of the template and/or preventing procession of the viral polymerase to generate genomic DEN-2 RNAs (18). Arboviruses with positive-sense genomes may be particularly vulnerable to inhibition by untranslatable sense RNAs, since the number of genomic complementary RNAs synthesized during virus replication is always significantly less than the number of genomic RNAs. dsSIN viruses are important transducing viruses for efficient transcriptional or translational expression of heterologous genes in mosquitoes and mosquito cells (14, 15, 22, 25) and thus for testing the effect of expression of these genes. In addition to efficient expression of heterologous gene products in mosquito cells, replication of the virus occurs in the cytoplasm of infected cells, which eliminates problems associated with DNA expression systems such as mRNA splicing, mRNA transport, and poorly characterized DNA promoters in mosquitoes. Modified antisense oligonucleotides targeted to DEN-2 virus have been microinjected into LLCMK/2 cells (27) . Although some of the antisense oligonucleotides inhibited DEN-2 virus replication, the anti-DEN oligonucleotides quickly accumulated in the nucleus of the injected cell, away from the cytoplasmic site of DEN virus replication. SIN expression viruses are therefore well suited for delivering antivirus molecules to regions of mosquito cells, as well as tissues of intact mosquito vectors where arbovirus replication occurs. Additionally, dsSIN viruses may have important applications for knocking out expression of endogenous genes in mosquitoes by antisense strategies.
